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(57) ABSTRACT

The present disclosure provides a semiconductor device
including a substrate, a gate structure, a channel layer, a first
active region and a second active region. The gate structure
is disposed in the substrate. The channel layer is sandwiched
between the gate structure and the substrate. A material of
the channel layer is selected from the group consisting of
silicon-germanium epitaxial material, silicon-carbon epi-
taxial material, and a combination thereof. The first active
region and the second active region are disposed in the
substrate and respectively disposed at opposite sides of the
gate structure. A method for manufacturing a semiconductor
device is provided herein.

13 Claims, 10 Drawing Sheets
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1
SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD THEREOF

BACKGROUND

1. Field of Invention

The present invention relates to a semiconductor device,
more particularly to a memory device.

2. Description of Related Art

A Dynamic Random Access Memory (DRAM) is an
essential element in many electronic products. In a memory
cell, a channel region lies underneath the gate and between
the source and the drain. A voltage imposed upon the gate
controls the flow of current from the source to the drain
within the channel region. Such memory devices are widely
used and are easily formed of silicon and silicon oxide.

Silicon is a semiconductor material. In contrast, silicon
oxide is an excellent insulator. The interface between silicon
and silicon dioxide can be made with extremely high elec-
trical quality, that is, with a very low density of electronic
interface states within the energy bandgap of silicon. How-
ever, silicon has its limitations such as low carrier mobility
and conductivity. In recent years, the conductivity and
mobility of silicon can be increased by an ion-doping
process. Unfortunately, in a recessed access device, the
ion-doping process is difficult to specifically and uniformly
form an ion-doped layer between the gate and the substrate.

In this regard, an improved semiconductor structure and
manufacturing method for the semiconductor device are still
necessary to solve the problems met in the art.

SUMMARY

An aspect of the present invention is to provide a semi-
conductor device including a substrate, a gate structure, a
channel layer, a first active region and a second active
region. The gate structure is disposed in the substrate. The
channel layer is sandwiched between the gate structure and
the substrate. A material of the channel layer is selected from
the group consisting of silicon-germanium epitaxial mate-
rial, silicon-carbon epitaxial material, and a combination
thereof. The first active region and the second active region
are disposed in the substrate and respectively disposed at
opposite sides of the gate structure.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the channel
layer is abruptly or gradually increased from a side of the
channel layer contacting the substrate to another side of the
channel layer contacting the gate structure.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the channel
layer has a maximum between a side of the channel layer
contacting the substrate and another side of the channel layer
contacting the gate structure.

In various embodiments of the present disclosure, a
memory cell includes the first active region, the gate struc-
ture, and the second active region.

In various embodiments of the present disclosure, the
semiconductor device further includes a plurality of isola-
tion structures disposed in the substrate, and the memory cell
disposed between adjacent two of the isolation structures.

In various embodiments of the present disclosure, the
semiconductor device further includes an epitaxial layer
disposed between each of the isolation structures and the
substrate.

In various embodiments of the present disclosure, a
material of the epitaxial layer is consisting essentially of
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2
silicon-germanium epitaxial material, silicon-carbon epi-
taxial material, or silicon-carbon-germanium epitaxial mate-
rial.

In various embodiments of the present disclosure, the
materials of the epitaxial layer and the channel layer are
individually Si, ,Ge,, 0<x=<0.8; Si, ,C,, 0<y=0.3; or Si, .
»Ge,C,, 0<a=<0.8, 0<b=0.3.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the epitaxial
layer is abruptly or gradually increased from a side of the
epitaxial layer contacting one of the isolation structures to
another side of the epitaxial layer contacting the substrate.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the epitaxial
layer has a maximum between a side of the epitaxial layer
contacting one of the isolation structures and another side of
the epitaxial layer contacting the substrate.

Another aspect of the present invention is to provide a
semiconductor device including a substrate, a gate structure,
an isolation structure and an epitaxial layer. The gate struc-
ture is disposed in the substrate. The active region is
disposed in the substrate and disposed at a side of the gate
structure. The isolation structure is disposed in the substrate
and disposed between two adjacent of the active regions.
The epitaxial layer overlies a surface of the isolation struc-
ture. A material of the epitaxial layer is selected from the
group consisting of silicon-germanium, silicon-carbon, and
a combination thereof.

In various embodiments of the present disclosure, the
materials of the epitaxial layer and the channel layer are
individually Si, ,Ge,, 0<x=<0.8, Si, C,, 0<y=0.3; or Si, .
»Ge,C,, 0<a=<0.8, 0<b=0.3.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the epitaxial
layer is abruptly or gradually increased from a side of the
epitaxial layer contacting one of the isolation structures to
another side of the epitaxial layer contacting the substrate.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the epitaxial
layer has a maximum between a side of the epitaxial layer
contacting one of the isolation structures and another side of
the epitaxial layer contacting the substrate.

Further another aspect of the present invention is to
provide a method for manufacturing a semiconductor
device. The method includes the following steps. A gate
trench is formed in a substrate. A channel layer is formed on
a surface of the gate trench. The channel layer is formed of
a material selected from the group consisting of silicon-
germanium, silicon-carbon and a combination thereof. A
gate stack is formed on the channel layer in the gate trench.

In various embodiments of the present disclosure, the
channel layer is formed to abruptly or gradually increase the
content of germanium, carbon or the both from a side of the
channel layer contacting the substrate to another side of the
channel layer contacting the gate trench.

In various embodiments of the present disclosure, the
channel layer is formed to have a maximum content of
germanium, carbon or the both between a side of the channel
layer contacting one of the gate trench and another side of
the channel layer contacting the substrate.

In various embodiments of the present disclosure, the
method further includes the following steps. A plurality of
isolation trenches are formed in the substrate. The gate stack
is formed between adjacent two of the isolation trenches. An
epitaxial layer is formed on a surface of each of the isolation
trenches. The epitaxial layer is formed of a material con-
sisting essentially of silicon-germanium, silicon-carbon, or
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silicon-carbon-germanium. A dielectric material is filled into
each of the isolation trenches to form a plurality of isolation
structures.

In various embodiments of the present disclosure, the
epitaxial layer is formed to abruptly or gradually increase
the content of germanium, carbon or the both from a side of
the epitaxial layer contacting one of the isolation trenches to
another side of the epitaxial layer contacting the substrate.

In various embodiments of the present disclosure, the
epitaxial layer is formed to have a maximum content of
germanium, carbon or the both between a side of the
epitaxial layer contacting one of the isolation trenches and
another side of the epitaxial layer contacting the substrate.

These and other features, aspects, and advantages of the
present disclosure will become better understood with ref-
erence to the following description and appended claims.

It is to be understood that both the foregoing general
description and the following detailed description are by
examples, and are intended to provide further explanation of
the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure could be more fully understood by reading
the following detailed description of the embodiment, with
reference made to the accompanying drawings as follows:

FIG. 1A is a schematic cross-sectional view of a semi-
conductor device according to various embodiment of the
present disclosure;

FIG. 1B shows several diagrams of the content of ger-
manium, carbon or the both changing from a side of the
epitaxial layer contacting one of the isolation structures and
another side of the channel layer contacting the substrate
according to various embodiment of the present disclosure;

FIGS. 2-3 are schematic cross-sectional views of semi-
conductor devices according to various embodiment of the
present disclosure;

FIG. 4 is a top view of a memory device according to
various embodiment of the present disclosure;

FIG. 5 is a schematic cross-sectional view of a memory
device taken along A-A' line shown in FIG. 4;

FIGS. 6-7 are schematic cross-sectional views of memory
devices according to various embodiment of the present
disclosure;

FIG. 8 is a schematic cross-sectional view of a memory
device taken along B-B' line shown in FIG. 4;

FIG. 9 is a schematic cross-sectional view of a memory
device according to various embodiment of the present
disclosure;

FIG. 10 is a schematic cross-sectional view of a memory
device taken along C-C' line shown in FIG. 4;

FIG. 11 a schematic three-dimensional view of a channel
layer according to various embodiment of the present dis-
closure; and

FIGS. 12A-12D are schematic cross-sectional views of a
semiconductor device at various stages of fabrication
according to various embodiment of the present disclosure.

DETAILED DESCRIPTION

Reference will now be made in detail to the present
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. Wherever possible,
the same reference numbers are used in the drawings and the
description to refer to the same or like parts.

The following embodiments are disclosed with accompa-
nying diagrams for detailed description. For illustration
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4

clarity, many details of practice are explained in the follow-
ing descriptions. However, it should be understood that these
details of practice do not intend to limit the present inven-
tion. That is, these details of practice are not necessary in
parts of embodiments of the present invention. Furthermore,
for simplifying the drawings, some of the conventional
structures and elements are shown with schematic illustra-
tions.

FIG. 1A is a schematic cross-sectional view of a semi-
conductor device 100 according to various embodiment of
the present disclosure. In FIG. 1A, the semiconductor device
100 includes a substrate 110, a gate structure 120, a channel
layer 130, a first active region 140 and a second active region
150.

The gate structure 120 is disposed in the substrate 110. In
accordance with various embodiments of the present disclo-
sure, the substrate 110 is an NMOS substrate or a PMOS
substrate. More particularly, the substrate 110 is a boron-
doped silicon substrate.

In accordance with various embodiments of the present
disclosure, the gate structure 120 includes a conductive
portion 122 and an insulating portion 124. The insulating
portion 124 is sandwiched between the conductive portion
122 and the channel layer 130. In accordance with various
embodiments of the present disclosure, a material of the
conductive portion 122 is metal or alloy. The metal and the
alloy are individually selected from a group consisting of
cupper, aluminum tungsten and a combination thereof. In
accordance with various embodiments of the present disclo-
sure, a material of the insulating portion 124 is a dielectric
material, more particularly a high-k dielectric material.

In FIG. 1A, the channel layer 130 is sandwiched between
the gate structure 120 and the substrate 110. A material of the
channel layer 130 is selected from the group consisting of
silicon-germanium epitaxial material, silicon-carbon epi-
taxial material, and a combination thereof. Due to the
formation of the channel layer 130, the channel conductivity
and carrier mobility of the semiconductor device (recessed
access device) may be increase. Therefore, a performance of
the semiconductor device is improved. In various embodi-
ments of the present disclosure, the material of the channel
layer 130 is Si, ,Ge,, 0<x=<0.8; Si, ,C,, 0<y=0.3; or Si,_,_
»Ge,C,, 0<a=<0.8, 0<b=0.3.

FIG. 1B shows several diagrams of the content of ger-
manium, carbon or the both changing from a side of the
epitaxial layer contacting one of the isolation structures and
another side of the channel layer contacting the substrate
according to various embodiment of the present disclosure.

In FIG. 1B-(a), the content of germanium, carbon or the
both of the channel layer is abruptly increased from a side
of the channel layer contacting the substrate to another side
of the channel layer contacting the gate structure.

In FIG. 1B-(b), the content of germanium, carbon or the
both of the channel layer is gradually increased from a side
of the channel layer contacting the substrate to another side
of the channel layer contacting the gate structure.

In FIG. 1B~(c), the content of germanium, carbon or the
both of the channel layer has a maximum between a side of
the channel layer contacting the substrate and another side of
the channel layer contacting the gate structure.

Referring to FIG. 1A, the first active region 140 and the
second active region 150 are disposed in the substrate 110
and respectively disposed at opposite sides of the gate
structure 120. In accordance with various embodiments of
the present disclosure, the first active region 140 is a source
region, and the second active region 150 is a drain region. In
accordance with various embodiments of the present disclo-
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sure, a memory cell (M1) includes the gate structure 120, the
first active region 140, and the second active region 150. In
FIG. 1A, the semiconductor device 100 further includes a
plurality of isolation structures 160 disposed in the substrate
110, and the memory cell (M1) disposed between adjacent
two of the isolation structures 160. In accordance with
various embodiments of the present disclosure, a material of
the isolation structures 160 a dielectric material, more par-
ticularly a high-k dielectric material.

FIG. 2 is a schematic cross-sectional view of a semicon-
ductor device 200 according to various embodiment of the
present disclosure. In FIG. 2, the semiconductor device 200
has a similar structure to the semiconductor device 100 in
FIG. 1.

However, different from the semiconductor device 100,
the semiconductor device 200 further includes an epitaxial
layer 210 disposed between each of the isolation structures
160 and the substrate 110. The epitaxial layer 210 overlies
a surface of each of the isolation structures 160. A material
of the epitaxial layer 210 is selected from the group con-
sisting of silicon-germanium epitaxial material, silicon-car-
bon epitaxial material, and a combination thereof. In various
embodiments of the present disclosure, the material of the
epitaxial layer 210 is Si, ,Ge,, 0<x=0.8; Si, ,C,, 0<y=0.3; or
Si,_, ,Ge,Cp, 0<a=0.8, 0<b=0.3.

In various embodiments of the present disclosure, the
content of germanium, carbon or the both of the epitaxial
layer is abruptly or gradually increased from a side of the
epitaxial layer contacting one of the isolation structures to
another side of the epitaxial layer contacting the substrate. In
various embodiments of the present disclosure, the content
of germanium, carbon or the both of the epitaxial layer has
a maximum between a side of the epitaxial layer contacting
one of the isolation structures and another side of the
epitaxial layer contacting the substrate.

FIG. 3 is a schematic cross-sectional view of a semicon-
ductor device 300 according to various embodiment of the
present disclosure. In FIG. 3, the semiconductor device 300
has a similar structure to the semiconductor device 200 in
FIG. 2. However, different from the semiconductor device
200, the semiconductor device 300 does not have a channel
layer disposed between the gate structure 120 and the
substrate 110.

FIG. 4 is a top view of a memory device 400 according
to various embodiment of the present disclosure. In FIG. 4,
the memory device 400 includes a substrate 410, a plurality
of memory cells 420 and a plurality of word lines 430 (also
called gate structures).

FIG. 5 is a schematic cross-sectional view of a memory
device 400 taken along A-A'line shown in FIG. 4. In FIG.
5, the memory device 400 includes a substrate 410, two gate
structures 420, a channel layer 430, a first active region 440
and two second active regions 450.

The gate structures 420 are disposed in the substrate 410.
In accordance with various embodiments of the present
disclosure, each of the gate structures 420 includes a con-
ductive portion 422 and an insulating portion 424. The
insulating portion 424 is sandwiched between the conduc-
tive portion 422 and the channel layer 430.

In FIG. 5, the channel layer 430 is sandwiched between
each of the gate structures 420 and the substrate 110. A
material of the channel layer 430 is selected from the group
consisting of silicon-germanium epitaxial material, silicon-
carbon epitaxial material, and a combination thereof. In
various embodiments of the present disclosure, the material
of the channel layer 430 is Si, ,Ge,, 0<x=<0.8; Si, C,
0<y=0.3; or Si,_, ,Ge,C,, 0<a=0.8, 0<b=0.3.
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The first active region 440 and the second active regions
450 are disposed in the substrate 410. Each of the gate
structure 420 is disposed between the first active region 440
and one of the second active regions 450. In accordance with
various embodiments of the present disclosure, the first
active region 440 is a source region, and the second active
regions 450 is a drain region. In accordance with various
embodiments of the present disclosure, a memory cell (M2)
includes two of the gate structures 420, the first active region
440, and two of the second active regions 450. In FIG. 5, the
semiconductor device 400 further includes a plurality of
isolation structures 460 disposed in the substrate 410, and
the memory cell (M2) disposed between adjacent two of the
isolation structures 460.

FIG. 6 is a schematic cross-sectional view of a memory
device 500 according to various embodiment of the present
disclosure. In FIG. 6, the memory device 500 has a similar
structure to the semiconductor device 400 in FIG. 5. How-
ever, different from the semiconductor device 400, the
semiconductor device 500 further includes an epitaxial layer
510 disposed between each of the isolation structures 460
and the substrate 410. The epitaxial layer 510 overlies a
surface of each of the isolation structures 460. A material of
the epitaxial layer 510 is selected from the group consisting
of silicon-germanium epitaxial material, silicon-carbon epi-
taxial material, and a combination thereof. In various
embodiments of the present disclosure, the material of the
epitaxial layer 510 is Si,  Ge,, 0<x<0.8; Si, C,, 0<y=<0.3, or
Si,_, ,Ge Cp, 0<a=0.8, 0<b=0.3.

FIG. 7 is a schematic cross-sectional view of a memory
device 600 according to various embodiment of the present
disclosure. In FIG. 7, the semiconductor device 600 has a
similar structure to the semiconductor device 500 in FIG. 6.
However, different from the semiconductor device 500, the
semiconductor device 600 does not have a channel layer
disposed between the gate structure 420 and the substrate
410.

FIG. 8 is a schematic cross-sectional view of the memory
device 400 taken along B-B' line shown in FIG. 4. In FIG.
8, the memory device 400 includes the substrate 410, the
channel layer 430 and a plurality of isolation structures 470.
The isolation structures 470 are disposed in the substrate
410, and the substrate 410 has a plurality of channels 412
individually between two adjacent of the isolation structures
470. The channel layer 430 covers a top surface of each of
the channels 412, but not extend to an interface between the
channels 412 and the isolation structures 470.

FIG. 9 is a schematic cross-sectional view of a memory
device 700 according to various embodiment of the present
disclosure. In FIG. 9, the memory device 700 has a similar
structure to the memory device 400 in FIG. 8. However,
different from the memory device 400, the memory device
700 has a channel layer 710 disposed between the channels
412 and the isolation structures 470, but not fully cover a top
surface of each of the channels 412.

FIG. 10 is a schematic cross-sectional view of a memory
device taken along C-C' line shown in FIG. 4. In FIG. 10, the
memory device 400 includes the substrate 410, the epitaxial
layer 510 and a plurality of isolation structures 460. The
isolation structures 460 are disposed in the substrate 410,
and the substrate 410 has a plurality of active regions 480
individually between two adjacent of the isolation structures
460. The epitaxial layer 510 is disposed between the sub-
strate 410 and each of the isolation structures 460.

FIG. 11 a schematic three-dimensional view of the chan-
nel layer 430 according to various embodiment of the
present disclosure. The channel layer 430 in FIG. 5 is the
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schematic cross-sectional view of which taken along A-A'
line shown in FIG. 11. Further, the channel layer 430 in FIG.
8 is the schematic cross-sectional view of which taken along
B-B' line shown in FIG. 11.

FIGS. 12A-12D are schematic cross-sectional views of a
semiconductor device at various stages of fabrication
according to various embodiment of the present disclosure.

In FIG. 12A, a gate trench 820 is formed in a substrate
810. In various embodiments of the present disclosure, the
gate trench 820 is formed by an etching process, more
particularly a dry etching process. In various embodiments
of the present disclosure, a plurality of isolation structures
840 are formed in the substrate 810 to sandwich the gate
trench 820.

In FIG. 12B, a channel layer 830 is formed on a surface
of the gate trench 820. The channel layer 830 is formed of
a material selected from the group consisting of silicon-
germanium, silicon-carbon and a combination thereof. In
various embodiments of the present disclosure, the channel
layer 830 is formed to abruptly or gradually increase the
content of germanium, carbon or the both from a side of the
channel layer 830 contacting the substrate 810 to another
side of the channel layer 830 contacting the gate trench 820.
In various embodiments of the present disclosure, a gate
stack (not shown) is formed on the channel layer 830 in the
gate trench 820.

Referring to FIG. 12C, an isolation trench 850 is formed
in the substrate 810. In various embodiments of the present
disclosure, the gate stack (not shown) is formed between
adjacent two of the isolation trenches 850.

In FIG. 12D, an epitaxial layer 860 is formed on a surface
of each of the isolation trenches 850. The epitaxial layer 860
is formed of a material consisting essentially of silicon-
germanium, silicon-carbon, or silicon-carbon-germanium.
In various embodiments of the present disclosure, the epi-
taxial layer 860 is formed to abruptly or gradually increase
the content of germanium, carbon or the both from a side of
the epitaxial layer 860 contacting one of the isolation
trenches 850 to another side of the epitaxial layer 860
contacting the substrate 810. In various embodiments of the
present disclosure, the epitaxial layer 860 is formed to have
a maximum content of germanium, carbon or the both
between a side of the epitaxial layer 860 contacting one of
the isolation trenches 850 and another side of the epitaxial
layer 860 contacting the substrate 810. In various embodi-
ments of the present disclosure, a dielectric material (not
shown) is filled into each of the isolation trenches 850 to
form a plurality of isolation structures (not shown).

Although the present invention has been described in
considerable detail with reference to certain embodiments
thereof, other embodiments are possible. Therefore, the
spirit and scope of the appended claims should not be limited
to the description of the embodiments contained herein.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the structure of
the present invention without departing from the scope or
spirit of the invention. In view of the foregoing, it is intended
that the present invention cover modifications and variations
of this invention provided they fall within the scope of the
following claims.

What is claimed is:

1. A semiconductor device, comprising:

a substrate;

a gate structure disposed in the substrate;

a channel layer sandwiched between the gate structure

and the substrate, wherein a material of the channel
layer is selected from the group consisting of silicon-
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germanium epitaxial material, silicon-carbon epitaxial
material, and a combination thereof, and the content of
germanium, carbon or the both of the channel layer is
abruptly or gradually increased from a side of the
channel layer contacting the substrate to another side of
the channel layer contacting the gate structure; and

a first active region and a second active region disposed

in the substrate and respectively disposed at opposite
sides of the gate structure.

2. The semiconductor device of claim 1, wherein the
content of germanium, carbon or the both of the channel
layer has a maximum between a side of the channel layer
contacting the substrate and another side of the channel layer
contacting the gate structure.

3. The semiconductor device of claim 1, wherein a
memory cell comprises the first active region, the gate
structure, and the second active region.

4. The semiconductor device of claim 3, further compris-
ing a plurality of isolation structures disposed in the sub-
strate, and the memory cell disposed between adjacent two
of the isolation structures.

5. The semiconductor device of claim 4, further compris-
ing an epitaxial layer disposed between each of the isolation
structures and the substrate.

6. The semiconductor device of claim 5, wherein a
material of the epitaxial layer is consisting essentially of
silicon-germanium epitaxial material, silicon-carbon epi-
taxial material, or silicon-carbon-germanium epitaxial mate-
rial.

7. The semiconductor device of claim 6, wherein the
materials of the epitaxial layer and the channel layer are
individually Sil-xGex, 0<x<0.8; Sil-yCy, 0<y=0.3; or Sil-
a-bGeaCb, 0<a=0.8, 0<b=<0.3.

8. The semiconductor device of claim 6, wherein the
content of germanium, carbon or the both of the epitaxial
layer is abruptly or gradually increased from a side of the
epitaxial layer contacting one of the isolation structures to
another side of the epitaxial layer contacting the substrate.

9. The semiconductor device of claim 6, wherein the
content of germanium, carbon or the both of the epitaxial
layer has a maximum between a side of the epitaxial layer
contacting one of the isolation structures and another side of
the epitaxial layer contacting the substrate.

10. A semiconductor device, comprising:

a substrate;

a gate structure disposed in the substrate;

an active region disposed in the substrate and disposed at

a side of the gate structure;
an isolation structure disposed in the substrate and dis-
posed between two adjacent of the active regions; and
an epitaxial layer overlying a surface of the isolation
structure, wherein a material of the epitaxial layer is
selected from the group consisting of silicon-germa-
nium, silicon-carbon, and a combination thereof.

11. The semiconductor device of claim 10, wherein the
materials of the epitaxial layer and the channel layer are
individually Sil-xGex, 0<x<0.8; Sil-yCy, 0<y=0.3; or Sil-
a-bGeaCb, 0<a=0.8, 0<b=<0.3.

12. The semiconductor device of claim 10, wherein the
content of germanium, carbon or the both of the epitaxial
layer is abruptly or gradually increased from a side of the
epitaxial layer contacting one of the isolation structures to
another side of the epitaxial layer contacting the substrate.

13. The semiconductor device of claim 10, wherein the
content of germanium, carbon or the both of the epitaxial
layer has a maximum between a side of the epitaxial layer
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contacting one of the isolation structures and another side of
the epitaxial layer contacting the substrate.
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